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Fusion of bilayer fragmentsThe interaction between cationic bilayer fragments and a model oligonucleotide was investigated by
differential scanning calorimetry, turbidimetry, determination of excimer to monomer ratio of 2-(10-(1-
pyrene)-decanoyl)-phosphatidyl-choline in bilayer fragment dispersions and dynamic light scattering for
sizing and zeta-potential analysis. Salt (Na2HPO4), mononucleotide (2′-deoxyadenosine-5′-monophosphate)
or poly (dA) oligonucleotide (3′-AAA AAA AAA A-5′) affected structure and stability of dioctadecyldimethy-
lammonium bromide bilayer fragments. Oligonucleotide and salt increased bilayer packing due to bilayer
fragment fusion. Mononucleotide did not reduce colloid stability or did not cause bilayer fragment fusion.
Charge neutralization of bilayer fragments by poly (dA) at 1:10 poly (dA):dioctadecyldimethylammonium
bromide molar ratio caused extensive aggregation, maximal size and zero of zeta-potential for the assemblies.
Above charge neutralization, assemblies recovered colloid stability due to charge overcompensation. For
bilayer fragments/poly (dA), the nonmonotonic behavior of colloid stability as a function of poly (dA)
concentration was unique for the oligonucleotide and was not observed for Na2HPO4 or 2′-deoxyadenosine-
5′-monophosphate. For the ﬁrst time, such interactions between cationic bilayer fragments and mono- or
oligonucleotide were described in the literature. Bilayer fragments/oligonucleotide assemblies may ﬁnd
interesting applications in drug delivery.: +55 11 3815 5579.
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The cationic lipid dioctadecyldimethylammonium bromide
(DODAB) can be dispersed in aqueous solution by several methods
yieldinguseful bilayers [1]. Sonication ofDODABpowder inwaterwith a
high energy input not only produced bilayer vesicles but also disrupted
them, therebygeneratingopenand small bilayer fragments (BF) [2]. The
main evidences for the existence of BF in the sonicated dispersionswere
(1) osmotic nonresponsiveness suggesting absence of inner vesicle
compartment [1,3], (2) direct visualization by transmission electron
microscopy (TEM) [4] or cryo-TEM microscopy [5,6] (3) quasi-elastic
light scattering and electron paramagnetic resonance spectroscopy data
[7,8] and (4) coexistence of ﬂuid and solid bilayer phases [9]. The size,
charge and hydrophobic features of DODAB BF led to novel applications
in solubilization of hydrophobic drugs [10–12], production of biomi-
metic particles from bilayer coverage of silica [13] or polystyrene
particles [14] anddesign of vaccines [15,16]. However, BF applications in
DNA or oligonucleotide delivery still remain poorly explored.
Antisense oligonucleotides are small single-stranded DNA mole-
cules designed to speciﬁcally hybridize a messenger RNA inside acell and inhibit the expression of proteins corresponding to this
messenger [17]. Since the demonstration that synthetic oligonucleo-
tides could inhibit the replication of the Rous sarcoma virus [18],
antisense oligonucleotides have been considered a great promise as
therapeutic agents. Nowadays, several oligonucleotide-based formu-
lations have reached the clinical trial phase [19,20]. Antisense
oligonucleotides have also been extensively used in basic research
on gene expression and function [21–23], vaccine design [24], allergy
[25] and cancer therapy [26]. In all cases, several obstacles must still
be overcome such as degradation of oligonucleotides by nucleases on
the extracellular milieu or inside the endosome and poor capture by
the target cells [23,27]. Hence, suitable carriers able to protect
oligonucleotides in the biological milieu are paramount for effective
delivery [23,26–28].
In this work, interactions between a model oligonucleotide poly
(dA) and DODAB BF are described for the ﬁrst time. Major effects of
inorganic phosphate salt, nucleotide or oligonucleotide on structure
and colloid stability of BF are described by means of calorimetry,
turbidimetry, ﬂuorescence and dynamic light scattering for sizing and
zeta-potential analysis. Oligonucleotide and salt increased bilayer
packing due to BF fusion. Colloid instability induced by oligonucle-
otide or salt could be associated with bilayer fusion. In contrast,
mononucleotide did not reduce colloid stability over the low range of
concentrations tested and did not cause BF fusion.
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2.1. Materials
Dioctadecyldimethylammonium bromide (DODAB) 99.9% pure
and 2′-deoxyadenosine-5′-monophosphate (dAMP) were purchased
from Sigma Chemical Co. (St. Louis, MO, USA). Sodiummonohydrogen
phosphate (Na2HPO4) was purchased from Merck (RJ, Brazil). Ten-
base single-stranded oligonucleotide 3′-AAA AAA AAA A-5′ (poly
(dA)) was purchased from Integrated DNA Technologies IDT (Coral-
ville, IA, USA) and stock solutionwas prepared in sterile Milli-Q water.
2-(10-(1-pyrene)-decanoyl)-phosphatidyl-choline (PyPC) was sup-
plied by Molecular Probes (Eugene, OR, USA). Ultrapure water of
Milli-Q-Plus quality was used throughout. For 0.5–2.5 mM Na2HPO4
or dAMP solutions in water, the pH measured was constant for
40 minutes and equal to 8.0 and 3.5, respectively. This showed that
the ﬁrst electrolyte can be considered divalent and the second,
monovalent.
2.2. Preparation of DODAB dispersions
Bilayer fragments (BF) were produced by 20 minutes sonication of
the DODAB powder in water with a macrotip connected to a Fischer
Scientiﬁc 550 Sonic Dismembrator set to 25% of its maximum power
[3]. Thereafter, centrifugation (1 h/10,000g) removed titanium parti-
cles released from the macrotip [29]. DODAB concentration was
analytically determined by halide microtitration [30].
DODAB large unilamellar vesicles (LV) were obtained by vortexing
the lipid powder in water solution at 60 °C [31]. LVwere also prepared
in 2 or 4 mM Na2HPO4 solution.
2.3. Determination of turbidity kinetics upon adding electrolytes to
DODAB BF
The turbidity of 0.5 mM DODAB BF at 300 nm as a function of time
was recorded for 20 minutes after adding Na2HPO4, dAMP or poly
(dA) over a range of low concentrations. Turbidity measurements
were also obtained at 3 and 24 h of interaction between BF and
electrolytes. All measurements were performed with 0.5 mM DODAB
BF dispersion as a blank by means of a double-beam Hitachi U-2000
spectrophotometer.
2.4. Determination of size distribution, zeta-average diameter and
zeta-potential for dispersions
Size distribution, zeta-average diameter and zeta-potential for
dispersions were determined by dynamic light scattering using a
Zeta-Plus Zeta-potential Analyzer (Brookhaven Instruments Corpora-
tion, Holtsville, NY) equipped with a 677 nm laser. The diameter
referred to in this work from now on should be understood as the
mean hydrodynamic (zeta-average) diameter Dz. Zeta-potentials (ζ)
were determined from the electrophoretic mobility μ and Smolu-
chowski equation, ζ=μη/ε, where η and ε are medium viscosity and
dielectric constant, respectively. For zeta-potential and size distribu-
tion measurements, DODAB concentration was ﬁxed at 0.5 mM and
zeta-potential measurements were performed at and below the
2.5 mM Na2HPO4 limit of the Brookhaven apparatus. Dz and ζ
represent mean values from at least 10 independent measurements
performed 24 h of interaction between DODAB BF and electrolyte.
2.5. Determination of PyPC ﬂuorescence spectra and PyPC
excimer/monomer ratio
PyPC-labeled DODAB BF were prepared as follows. A 0.5 mL of a
10 mM chloroformic solution of DODAB containing 7 mol % of the
ﬂuorescent probe PyPC was evaporated under a nitrogen stream toform a ﬁlm on the bottom of the sonication tube. The ﬁlm was dried
for 2 h in vacuum and then 25 mL of water solution was added to yield
a ﬁnal lipid concentration of 0.2 mM. Thereafter, 20 pulses of
ultrasound of 1 minute each intercalated by 1 minute rest were
used to disperse the ﬁlm.
PyPC-labeled DODAB BF at 0.2 mM ﬁnal lipid concentration were
mixed with a stock DODAB BF dispersion at 2 mM and the volume
completed to 100 μL with the desired electrolyte solution to yield a
lipid concentration of 0.5 mM and a ﬁnal 1:10 labeled/unlabeled BF
proportion. After 20 minutes interaction, aliquots of 50 μL of the
mixture were diluted to 0.5 mL to yield a ﬁnal lipid concentration of
0.050 mM. The dilution served both to stop the interaction between
fragments and to eliminate possible scattering artifacts. Fluorescence
spectra were recorded at 30 °C using a Hitachi F-4500 Fluorescence
Spectrophotometer at 344 nm as the excitation wavelength. Excita-
tion and emission slits were 10 and 5 nm, respectively. The excimer/
monomer (E/M) ratio was measured as the ratio of uncorrected
ﬂuorescence intensities at 470 and 395 nm. Appropriate controlswere
performed in order to conﬁrm absence of spontaneous PyPC exchange
between labeled and unlabeled DODAB BF.
2.6. Differential scanning calorimetry (DSC)
DODAB BF dispersions and electrolytes interacted for 24 h at 2 mM
DODAB before performing DSC scans in a Microcal VP-DSC Microcal-
orimeter (Microcal Inc., Northampton, MA, USA) equipped with
0.5 mL twin total-ﬁll cells. Heating rates were 20 °C/h. Scans were
performed at least in duplicate. Tm was considered as the temper-
ature of the most intense endothermic peak. The enthalpy of
transition ΔH was obtained by integrating the area under the
thermograms.
3. Results
3.1. Oligonucleotide and salt induced DSC scans for BF similar to the ones
for LV
The bilayer structure of DODAB bilayer fragments (BF) in the
presence of Na2HPO4, dAMP or poly (dA) was investigated by means
of differential scanning calorimetry (DSC).
The gel-to-liquid-crystalline phase transition temperature (Tm)
for DODAB large unilamellar vesicles (LV) at 44.7 °C was preceded by
a less intense pre-transition at 36.1 °C (Fig. 1A), in good agreement
with previous results from the literature [32–34]. The pre-transition
has been attributed to a stretching of the alkyl chains with a loss of
rotational disorder [34]. DODAB BF, on the other hand, presented a
broader and less cooperative transition with the most intense peak at
43.7 °C (Fig. 1A). In the presence of salt (2 or 4 mM Na2HPO4), DSC
scans for BF were similar to those obtained for LV (Fig. 1B, C and D).
Mononucleotide dAMP barely changed the DSC scan recorded for BF
(Fig. 2A and B), in contrast to the substantial modiﬁcation induced by
poly (dA) (Fig. 2C and D). At 0.04 mM poly (dA), besides the intense
peak at 43.7 °C, there were two other peaks at 48 and 52 °C on the
scan for BF (Fig. 2C). At 1 mM poly (dA), although the transition of
DODAB BF remained broad, an additional and intense peak appeared
at 53.4 °C (Fig. 2D).
Transition enthalpy values (ΔH) from analysis of DSC scans are in
Table 1. They were 6.2 and 10.7 kcal/mol for DODAB BF and LV,
respectively. Addition of Na2HPO4 or poly (dA) to BF increased ΔH to
values similar to those of LV in water (Table 1). Addition of dAMP to
BF did not change ΔH (Table 1).
3.2. Oligonucleotide or salt decreased colloid stability due to BF fusion
At 300 nm and 0.5 mM DODAB, BF turbidity increased with time
after adding Na2HPO4 over a range of concentrations (0.5–2.5 mM)
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Fig. 1. Effect of Na2HPO4 on DSC thermograms of DODAB BF or LV (at 2 mM DODAB).
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Fig. 2. Effect of dAMP (A and B) or poly (dA) (C and D) on DSC scans for DODAB BF (at 2 mM DODAB). Scans for dAMP or poly (dA) solutions in the absence of BF are also shown.
Table 1
Effect of Na2HPO4, dAMP or poly (dA) on main phase transition temperature (Tm) and
transition enthalpy (ΔH) of DODAB BF in aqueous solutions of electrolytes at 2 mM
DODAB.
DODAB
dispersion
Electrolyte
type
Electrolyte
concentration
(mM)
Temperature
range for ΔH
calculation (°C)
Tm±s.d.
(°C)
ΔH±s.d.
(kcal/mol)
LV – – 42–45 44.7±0.1 10.7±0.5
LV Na2HPO4 4.00 30–55 50.5±0.1 18.0±0.2
BF – – 30–45 43.7±0.1 6.2±0.1
BF Na2HPO4 2.00 40–55 48.9±0.1 10.3±0.1
BF Na2HPO4 4.00 35–55 50.7±0.1 12.1±0.5
BF dAMP 2.00 30–47 45.3±0.1 6.1±0.1
BF dAMP 4.00 30–47 45.3±0.1 6.5±0.2
BF poly (dA) 0.04 30–55 43.6±0.1 7.9±0.1
BF poly (dA) 1.00 35–55 53.4±0.2 10.7±0.3
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same range of concentrations (Fig. 3B). Poly (dA) over a range of
concentrations (0.005–0.5 mM) affected turbidity kinetics in a
nonmonotonic manner. Initial rate and maximal turbidity increased
with poly (dA) concentration up to 0.05 mM. Above this concentra-
tion, they decreased with [poly (dA)] (Fig. 3C).
Effects of salt, dAMP or poly (dA) concentration on BF zeta-average
diameter or zeta-potential are on Fig. 4. From 0 to 0.25 mM salt, Dz
and zeta-potentials decreased with salt concentration possibly due to
massive phosphate anion binding. From 0.25 to 2.5 mM salt, Dz
increased but zeta-potential remained approximately constant and
low (Fig. 4A and D).
Dz and zeta-potential decreased with dAMP concentration (0–
2.5 mM) (Fig. 4B and E). At 0.05 mM poly (dA) and 0.5 mM DODAB,
extensive BF aggregation and/or fusion took place as depicted from
large Dz (N500 nm) (Fig. 4C) and zero of zeta-potential (Fig. 4F). Thus,
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ratio. Above 0.05 mM poly (dA), BF/poly (dA) assemblies were
negatively charged (Fig. 4F) and Dz doubled in comparison to the
one of BF in purewater (Fig. 4C). Similar behaviorwas reported for the
interaction between other polyelectrolytes and oppositely charged
liposomes [35,36] or particles [37,38].
The decrease of PyPC excimer to monomer ratio (E/M) has often
been employed to characterize bilayer fusion of lecithin, DODAB or
mitochondrial mimetic vesicles [39–41]. Fusion of PyPC-labeled and
unlabeled BF would dilute the probe within the bilayer phase thereby
decreasing E/M [39]. Fig. 5 shows the effect of [Na2HPO4], [dAMP] and
[poly (dA)] on E/M determined for BF after 20 minutes of interaction
time with each electrolyte concentration. Appropriate controls were
performed to establish that E/M remained constant with time in
absence of the electrolytes. E/M decreased as a function of [Na2HPO4]
(Fig. 5A and B) or [poly (dA)] (Fig. 5E and F) but remained constant as
a function of [dAMP] (Fig. 5C and D). In particular, the E/M decrease to
0.4 from 0.005 mM poly (dA), suggested extensive BF fusion induced
by the oligonucleotide.
4. Discussion
The ΔH for fragments is about 50% of the one for vesicles (Table 1),
in agreement with previous observations [42]. Low cooperativity
during the phase transition from broad DSC proﬁles and small
transition enthalpies can be explained by a looser lipid packing at the
hydrophobic edges of DODAB BF in contrast to the tighter one in BF
center, where lipids are in the gel phase [12]. In fact, approaches based
on ESR and NMR have shown that there is a coexistence of the two
phases in DODAB BF and only 50% of DODAB BF lipids are in the gel
phase [9,43].
In the presence of Na2HPO4, the transition proﬁle and ΔH value for
DODAB BF became similar to the ones observed for DODAB LV in
water (Fig. 1A, B and C; Table 1), suggesting fusion and increase in
bilayer packing due to screening of the bilayer charges by salt. In fact,
another independent set of data represented by E/M decrease as a
function of salt concentration demonstrated Na2HPO4-induced fusion
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in the presence of dAMP or divalent salt. While dAMP did not affect
ΔH for the bilayer transition, a large effect on ΔHwas observed due to
divalent salt (Table 1). Possibly this was due to the more efﬁcient
screening by the divalent counterion binding in comparison to the one
by the bulky mononucleotide. Accordingly, the zeta-potential at
equivalent amount of chargewas 20 and 30 mV at 1 mMNa2HPO4 and
2 mM dAMP, respectively (Fig. 4D and E). Furthermore, the divalent
anion induced fusion whereas dAMP not only did not induce fusion
but also caused a slight decrease in Dz and did not affect turbidity
values (Figs. 3B, 4B and 5D). Circular dichroism spectra and molecular
dynamics simulations for DODAB/dAMP assemblies have previously
shown that DODAB BF changed dAMP conformation from anti to syn
approaching the nucleotide sugar moiety of the bilayer-water
interface [44]. Thereby, bulky dAMP would not be able to neutralize
completely all positive charges on the bilayer. The conformation
adopted by dAMP while interacting with DODAB bilayers would limit
further dAMP adsorption onto the bilayer [45]. In fact, LV electropho-
retic mobility wasminimal and positive from 2:1 dAMP:DODABmolar
ratio [45]. Consistently, BF zeta-potential was minimal and positive
from 4:1 dAMP:DODAB molar ratio (Fig. 4E). LV adsorbed dAMP onlyat its outer monolayer in contrast to BF that exposed both monolayers
to interact with dAMP.
At 1 mM poly (dA), the intense endothermic peak in DSC scan for
BF appearing above 50 °C (Fig. 2D) was previously described for
DODAB vesicles interacting with double-stranded DNA [46]. Since
single-stranded oligonucleotides with less than 20 nucleotide resi-
dues were shown to behave as rigid charged rods in solution [47], poly
(dA) would adsorb on the positively charged DODAB bilayer without
formation of trains and loops. The electrostatic interaction between
phosphate on poly (dA) backbone and cationic polar heads of BF
might have increased molecular packing at the BF bilayer level so that
the ΔH value increased to a value similar to the one of DODAB LV in
pure water (Table 1). The experiments for detecting BF fusion induced
by the oligonucleotide showing E/M decrease for BF interacting with
poly (dA) (Fig. 5F) further supported the conversion of BF onto more
extensive and tightly packed bilayer areas suggesting BF fusion.
The onset of poly (dA) induced fusion could be consistently observed
by three different techniques such as signiﬁcant turbidity kinetics at
300 nm from 0.01 mM poly (dA) at 0.5 mM DODAB (Fig. 3C), E/M
decrease from 0.001 mMpoly (dA) and 0.050 mMDODAB (Fig. 5F) and
appearance of additional endothermic peaks around 50 °C on the DSC
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ratio poly (dA):DODAB was 1:50 by the three techniques employed. At
the molar proportion of 1:2 poly (dA):DODAB, E/M ratio is at its
minimum (Fig. 5F), fusion is at its maximum and the phase transition
presents an intense peak at 53.4 °C and a ΔH value similar to the one of
DODAB LV in pure water (Fig. 2D; Table 1), conﬁrming that poly (dA)-
induced fragments fusion led to formation of extensive bilayer areas.
The turbidity increase at and above the 1:1 Na2HPO4:DODAB molar
ratio (Fig. 3A) was consistent with the increase in size (Fig. 4A).
Concomitantly, the zeta-potential decreased steeply with addition of
Na2HPO4 and reached a plateau from the 1:1 Na2HPO4:DODAB molar
ratio (Fig. 4D). The screening of DODAB charges by Na2HPO4 would
mean a decrease in electrostatic repulsion between fragments contrib-
uting to destabilization and fusion of DODAB BF. Over the same range of
concentrations, dAMP did not affect turbidity of DODAB BF (Fig. 3B) or
did not cause fragments fusion due to its bulky nature (Fig. 5C and D).
The explanation for the dAMP-induced decrease in Dz of DODAB BF
(Fig. 4B) can simply be related to electrostatics and colloid stability
modulated by improved hydration at the bilayer surface given the
proximity of the deoxyribose moiety of dAMP. In fact, hydrated
counterions bound to the bilayer surface were also themost reasonable
explanation for the decrease in size below the 1:1 Na2HPO4:DODAB
molar ratio (Fig. 4A) as previously reported for similar systems [48,49].
Binding of hydrated counterions have been implicated in hydration
repulsion and colloid stabilization accounting for the large decrease in
zeta-potential (Fig. 4D). The conformation adopted by dAMP while
interacting with DODAB bilayers would limit its adsorption to the
bilayer [45] explaining why the plateau reached above the 1:1 dAMP:
DODAB molar ratio that takes place at potentials about 10 mV higher
than the ones observed for Na2HPO4 (Fig. 4E). It is more difﬁcult for
dAMP to reduce the bilayer charge than it is for Na2HPO4 under
conditions of equivalence of total negative charge. This highlights the
importance of anion nature on the interaction with the cationic bilayer.
The nonmonotonic effect of poly (dA) concentration on turbidity
kinetics and zeta-average diameter represented by increase up to
0.05 mM oligonucleotide and decrease above this value (Figs. 3C
and 4C) is typical of polyelectrolytes interacting with particles of
opposite charge [35,36,49]. Charge neutralization led toﬂocculation and
charge overcompensation led to colloidal restabilization due to recovery
of the electrostatic repulsion between the assemblies, in contrast to the
monotonic effects of equivalent Na2HPO4 or dAMP concentrations
(Figs. 3A and B, 4A and B). Over the region of charge overcompensation,
sizes practically doubled (Fig. 4C) as also observed for long and single-
stranded DNA molecules interacting with liquid-crystalline DOTAP
vesicles [50]. Transmission electron microscopy images suggested
vesicle aggregation rather than fusion [50]. On the other hand, the
interaction between a cationic polymer and small anionic vesicles in the
gel state led to fusion [36,51], in agreement with the extensive DODAB
BF fusion induced by poly (dA) (Fig. 5F). The quickest and most
extensiveﬂocculation kinetics induced by poly (dA) occurred at amolar
ratio of 1:10 poly (dA):DODAB (Figs. 3C and 4C). At this experimental
condition, one molecule of poly (dA) is adsorbed to 10 DODAB
molecules. Since each poly (dA) molecule bears 10 negatively charged
phosphates in its backbone, it should be able to neutralize 10 DODAB
molecules at the bilayer surface, as indeed observed. This molar ratio at
the point of zero charge would be consistent with a bilayer fragment
structure in which both monolayers are exposed to the medium [7]
rather than with a structure of small prolate vesicles [42]. For closed
bilayers, the molar proportion at charge neutralization would be 1:20
poly (dA):DODAB since only DODAB molecules of the outer monolayer
would be available to adsorb poly (dA).
5. Conclusions
Over a range of equivalent concentrations, oligonucleotide and salt
increased bilayer packing due to BF fusion. Mononucleotide did notreduce colloid stability nor caused BF fusion. Charge neutralization of
BF by poly (dA) caused extensive aggregation and maximal size for
DODAB BF/poly (dA) assemblies. Above charge neutralization,
assemblies recovered stability due to charge overcompensation. The
nonmonotonic effect of poly (dA) concentration on colloid stability
was not observed for Na2HPO4 or dAMP. For the ﬁrst time, such
interactions between cationic bilayer fragments and mono- or
oligonucleotide were described in the literature. BF/oligonucleotide
assemblies may ﬁnd interesting applications in drug delivery.
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